Low cost 3D-printed hand exoskeleton controlled by a BCI by Wilms, Christoph et al.
LOW COST 3D-PRINTED HAND EXOSKELETON
CONTROLLED BY A BCI
Christoph Wilms
Faculty of Nature and Engineering, International Degree Programme in Biomimetics B.Sc.,
City University of Applied Science Bremen, 28199 Bremen, Germany, cwilms@stud.hs-bremen.de
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Brain-Machine Interface Systems Lab of the Miguel Hernández University of Elche,
Avda. de la Universidad s/n, Ed. Innova, 03202 Elche, Spain,{maria.rodriguezu,eianez,jm.azorin}@umh.es
Abstract
The aim of this work was to build and design a
low-cost active hand exoskeleton to be used in re-
habilitation of post-stroke patients. The hand ex-
oskeleton was 3D printer and it allowed an ac-
tive flexion and extension of the fingers. The ex-
oskeleton designed was powered by three servomo-
tors which pulled tendons to shorten the distance
over or under the joints. This produced a natu-
ral hand movement close to a biological one. The
exoskeleton was controlled by a Brain-Machine in-
terface (BMI) utilizing an EEG-cap for measuring
the brain activity. This way, two subjects tested
the whole system opening and closing the hand ex-
oskeleton by using only their thoughts.
Keywords: hand exoeskeleton, BMI, rehabilita-
tion.
1 INTRODUCTION
An active exoskeleton is mainly used in two dif-
ferent application areas. The first one serves to
support people that are able to move their limbs.
In this case, they have no neuronal or muscular
constraint and it is usually used for lifting heavy
objects such as in military usage [11]. In the sec-
ond case, it is employed by people that have suf-
fered neuronal or muscular damage to rehabilitate
the movement of the affected limb. In this case,
some studies uses human brain activity, or elec-
troencephalographic (EEG) signals, to control the
exoskeleton [2]. This is known as Brain-Machine
Interface (BMI) where the EEG of the subjects
are registered through non-invasive methods [6].
In comparison to passive systems they are pow-
ered by a motor so that an active movement of
the exoskeleton is possible. There are different
ways of conveying the force from the motor to the
exoskeleton and varying its size and/or complex-
ity, the weight, the grasping force and the control
of every joint is diverse. For example, there are
designs relatively compact that can generate high
forces. The main disadvantage of this design is the
motors placed on the lateral of the fingers. Out
of these reasons, this design is often used for the
knee, placing the motors at the outside of the leg
[8].
Current exoskeletons have several advantages as
well as disadvantages [1]. Therefore, different
exoskeletons are developed for different applica-
tion areas where the disadvantages are less im-
portant. Heo et. al. [5] gives a good overview
about the current hand exoskeletons for rehabili-
tation and assistive works. Especially in the last
few years a change in the design can be noticed.
More and more exoskeletons are based on flexi-
ble designs using gloves as a support structure.
The power transmission is performed with ca-
bles/tendons routed by fixations at the glove. The
advantage of this jointless design is adaptability to
different hand sizes. A disadvantage is the palmar
cable for closing the hand as well as the complete
covering of the hand which could lead to a sweaty
hand. Beyond this reason, Kang et al. developed
a polymer-based version which covers only the fin-
ger particularly. Even so, they cannot relinquish
palmar pieces for closing the hand [3] [7].
The aim of this work is to build and design a low-
cost active hand exoskeleton to be used in reha-
bilitation of post-stroke patients. The design has
different hand sizes to be adapted to several people
and be able to comfortable perform flexion and ex-
tension of the fingers. Our hypothesis is that this
low-cost 3D printed hand exoskeleton produces a
natural hand movement.
2 MATERIAL AND METHODS
2.1 EXOSKELETON
A hand-exoskeleton was developed to be used in
future works with post-stroke patients in rehabil-
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itation therapies. The requirements for the ex-
oskeleton were the following:
• Completely 3D-printable.
• Active exoskeleton for rehabilitation (flexion
and extension).
• The control method was a BMI.
• Simple mechanics, easy to repair and cheap.
• Attachable to different hand sizes respectively
finger length.
• As compact as possible, usage of less motors.
• Small grasping forces, lower than 10 N [10].
The exoskeleton design was low-cost focus and it
was based on the previous requirements and the
mind map of [4]. The main decisions taken were
the kind of power transmission and the actua-
tor type. The purpose and the intention sensing
method was also predefined by the requirements.
In addition, a servomotor was used to generate
a torque which was conveyed by tendons. This
power supply was chosen due to the low costs of
the material and the maintenance costs. Further-
more, based on the tendon driven mechanism cho-
sen, the exoskeleton was light in weight.
A palmar cable was avoided to guarantee a better
picking of things. The mechanism was related to
the human finger, the cables were the tendons and
the servomotor replaced the muscles (Fig. 1 (B)).
That means that the mechanism was bioinspired,
with the difference lest the joints were hinge joints.
Conditioned by the design, the grasping force was
relatively small, but in the application area of re-
habilitation only small forces were needed. The
grasping force could be increased by using bigger
distance of the cable to the joint or by utilizing
another servomotor with higher torque. But both
ways result in a bigger exoskeleton.
The different pieces of the exoskeleton were con-
structed with the software Rhinoceros 5 (Robert
McNeel & Associates, 1993 -2017, Seattle, USA).
While designing, Marc/Mentat software (MARC
Analysis Research) was used to calculate the stress
of the pieces. Based on the results, material was
added or removed at several positions. Further-
more, the software Z88Arion was used to do the
same as Marc/Mentat albeit automatically to a
defined material usage. The pieces were exported
as .stl-files and they were converted into .gcode-
files using Cura software provided by Ultimaker.
These files can be printed by almost every rapid
prototype printers. In this work, it was used the
Prusa P3steel, but with the modification of a big-
ger bed. The modified bed was 160 mm x 280 mm
with the result of a printing room of 6,994 * 103
Figure 1: CAD-rendering of the exoskeleton hand.
A) place for the servomotors. B) routing of the
cables. C) opening position. D) closed position.
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cm3 based on a printing height of 155 mm. Poly-
lactide (PLA) material was used, therefore, the
preferences applied in Cura were a filament with
1.75 mm of diameter (Ingeo Biopolymer 3D850,
NatureWorks, Minnetonka, USA).
For generating the force, two different types of ser-
vomotors were utilized: HiTec Hs-422 and HiTec
Hs-81. Fig. 1 (A) shows the space for the ser-
vomotors. HiTec Hs-422 has higher torque (0.41
Nm) than HiTec Hs-81 (0.3 Nm), hence, Hs-422
powers two fingers at once while Hs-81 was used
to move only the thumb. The torque was gen-
erated at a voltage of 4.8 V which was provided
by an Arduino microcontroller to the three servo-
motors.The servomotors were analog, hence, they
were controlled via a PWM-signal (pulse-width
modulation) which was supplied by the Arduino
for 6 different channels. Additionally, the Arduino
and the BMI were controlled by a custom design
program developed in Matlab (MathWorks, Mas-
sachusetts, USA).
The gap between the joint center and the cables
amounted 5mm and the angle of the 3 finger joints
for a complete closed hand was about 270◦ with
respect to an open hand 0◦ (except the thumb
which reached only 180◦). Equation 1 represents
the length of the arc or the length of the cable (b).
b = π ∗ r ∗ (α/180◦) (1)
where r is the radius in mm and α is the angle of
the arc in degrees. With 3 mm of radius, which
is the distance between the cable and the rotation
axis of the joint, the total cable length is about 15
mm. Therefore, the cables are fixed at a distance
of 7.5 mm to the center point of the servo axis.
With this configuration, a complete movement of
the servomotor is performed allowing opening and
closing the hand completely.
The main advantage of mounting the cable in this
way was that the pull was not uniform. The be-
ginning and the end of the open and close hand
movements were smooth, having the maximum ac-
celeration at 90◦. Furthermore, several screws and
threaded rods with the associated nuts were used
as axis for the joints.
The control of the hand was performed at most
with the Arduino-code. This code controlled the
servomotors by sending them the angle which
should carried out. The variation of the move-
ment speed was executed by changing: the de-
lay between the increments or the size of the in-
crement itself. The opening and closing of the
hand was performed by modifying the minimum
and maximum angle of a continuing movement
e.g. for stopping the movement. Considering this,
the minimum and maximum angle was set at the
same value as the current one. As already men-
tioned, this exoskeleton was controlled via Mat-
lab. Therefore, the connection was carried out by
a serial port communication. Based on the EEG-
signal detected, an associated number to open or
close the hand exoskeleton was sent to the Ar-
duino.
2.2 BMI-EXPERIMENT
The participants seated in front of a screen while
their EEG signals were recorded in order to con-
trol the hand exoskeleton. The screen provided
two mental tasks to perform: ‘Relax’ and ‘Imag-
ine’. Each session consisted on 7 runs and each
run had 10 ‘Relax’ and ‘Imagine’ periods. They
appeared alternatively with a ‘+’ signed between
every period. Each mental task period lasted be-
tween 6 and 7.4 seconds and the ‘+’ signed lasted
3 seconds. During ’Relax’ periods, subjects had
concentrate in their breath and being as relaxed
as possible. During ‘Imagine’ periods, they had
to imagine opening and closing their hand con-
tinuously. The first 4 runs were used to train a
support vector machine classifier (SVM) and the
other 3 were used to test the performance of the
BMI by means of the accuracy achieved.
The EEG-signals were registered with the
StarstimR32 from Neuroelectronics using 30 elec-
trodes of the 10-10 International System at a fre-
quency rate of 500 Hz. EEG signals were pro-
cessed in Matlab based on Rodriguez-Ugarte et
al. [9] algorithm as described next. Signals were
processed in epochs of 1 second each 0.2 epochs.
The algorithm was composed by:
1. 4th order Butterworth filter: high-pass (0.05
Hz) and low-pass (45 Hz)
2. Notch filter (50 Hz)
3. Electrode selection: CZ, CP1, CP2, C1, C2,
C3, C4, FC1, FC2 For each electrode selected
it was computed:
• The power at each frequency from 6 to
35 Hz (step of 1 Hz)
• Normalization
• Selection the frequency that represent
the maximum power difference between
‘Relax’ and ‘Imagine’ state
• Select the power at that frequency as fea-
ture
As it can be seen, in each epoch there were 9 fea-
tures. One for each electrode which was the power
at the frequency which represented the maximum
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Figure 2: Real picture of the complete exoskeleton, ready to be attached.
power difference between the two mental tasks.
Then, signals were classified using an SVM with
radial basis function as kernel.
3 RESULTS
3.1 EXOSKELETON
Fig. 1 (C,D) shows the exoskeleton open and
closed respectively. In this CAD renderings the
cables are not shown. They run through the chan-
nels in the finger segments from the fingertip to
the servomotors. As the servomotors were placed
on the lower arm (Fig. 2), flexibility was needed
between the servomotors and the hand. Hence,
these cables were used as Bowden cables. There-
fore, they had a plastic hull around it which was
fixed on: the one end to the servomotor detent
and on the blocks that were on top of the plate
which was placed on the dorsum of the hand.
All printed pieces were reworked to remove the
support material and small mistakes which were
produced while printing. In this process, the most
important aspect was to make the surface smooth
to avoid injuries and to reduce the friction in the
joints. Additional threads were cut into the outer
part of the joints and were used to fix the axis.
As the diameter of the inner part of the joint was
bigger there was lower friction in comparison to
the outer part. The axis could be removed with a
screwdriver because this was a small slot as on nor-
mal screws. In this case, all joints were optimized
for threaded rods with M3 of diameter (based on
ISO 1502:1996-12).
For opening and closing the fingers, the cable
length had to be changed. This was carried out
by the servomotors turning their wheel. For that,
first the finger had to go up to enable it. Then, the
cable was pulled to shorten the length. That re-
sulted in an open finger. For closing the finger the
lower cable had to be pulled. As the length change
of both cables wass the same and the movement
was reverse, it was possible to attach the cables to
one servomotor. Therefore, the attachments had
to be on the opposite site, hence one cable was po-
sitioned at 0◦ and the other one at 180◦. Through
this configuration both cables had to be under the
same tension.
3.2 BMI-EXPERIMENT
The function of the complete system was validated
with two healthy subjects. The participants were
previously informed about the experimental pro-
cedure and signed an informed consent according
to the Helsinki declaration. The experimental pro-
cedure was approved by the ethics committee of
the Miguel Hernández University of Elche (Spain).
Both subjects carried out one session (Fig. 3).
The experiments showed a well working system.
During ‘Imagine’ periods, if imagination was de-
tected, the exoskeleton hand opened or closed ac-
cording to the previous state of the hand, other-
wise no movement was performed. As the speed of
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Figure 3: BMI-experiment with a healthy subject wearing the Neuroelectronics Starstim R32 cap to
register brain signals. The computer on the right side recorded and analyzed the EEG signals and
controlled the program, which showed the task on the screen. The exoskeleton hand was attached to the
right hand.
the finger movement could be modified it was op-
timized for a complete movement in two seconds.
This was at the same time as the ’+’ sign was
shown on the screen. Two seconds were selected




A low-cost active hand exoskeleton was designed
for future used in rehabilitation of post-stroke pa-
tients. Therefore, the exoskeleton was designed
for flexion and extension of the fingers. One of
the biggest advantages in comparison to other ex-
oskeletons was the compact design of the hand,
especially in the closed position. The cable used
was a fishing line with 0.4 mm of diameter. Due
to its small diameter and its high flexibility, it
had a low friction in the routing which provided
a good movement of the fingers, especially on the
fingers tips. To control each finger on its own it
will be necessary 5 servomotors. Because of the
limited space on the lower arm three servomotors
were selected for this exoskeleton. The control
of the hand exoskeleton was performed by a BCI
designed. However, this hand control was global
instead of commanding each finger individually.
Another point to have into account was the con-
nection of both cables between one finger and the
servomotor because the length change of the ca-
bles was not exactly the same. The lower cable
had a slightly smaller length change. The reason
for this was that the upper cable follows the arc,
but not the lower cable. It routs directly between
the finger segments. Through the different cable
routes, the length change had a difference of about
3mm. Thus, the cable being on the opposite to
the finger position was under less tension. This
implied a disadvantage during the movement be-
cause the finger could moved a little bit forward
or backward. However, if the hand grabbed some-
thing or was completely open or closed this prob-
lem did not exist anymore. A possible solution for
this could be a different cable routing in the joints
or using more servomotors but this could lead to
the same problem as above.
Two subjects tested the functioning of the com-
plete system.Both subjects declared that the hand
exoskeleton produces a natural hand movement
close to a biological one. This fulfill our hypothe-
sis. Nevertheless, two participants are not enough
to validate the system for a long-time usage. That
is why further experiments have to be performed.
Especially, this concerns to experiments with pa-
tients who suffer from post-stroke symptoms. In
addition, this exoskeleton should be used in more
experiments, even with different interfaces using
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